Abstract Bisegmented dsRNA viruses that infect most or all isolates of apicomplexan parasite Cryptosporidium parvum are currently assigned to a single species, Cryptosporidium parvum virus 1, in genus Cryspovirus, family Partitiviridae. An analysis of existing sequence data suggested that the complete sequences of both cryspovirus genome segments, dsRNA1 and dsRNA2, had yet to be determined. We therefore set out to accomplish this for the virus strain that infects C. parvum isolate Iowa. The results suggest that several previous cryspovirus sequences are indeed truncated at one or both segment termini and also identify sequences at or near the termini that are conserved in both segments. Complete sequences of other cryspovirus strains, including ones from other Cryptosporidium species, are needed for refining their classification into one or more virus species.
Introduction
Cryptosporidia, members of the diverse phylum Apicomplexa, are protozoan parasites of humans and other vertebrates. A number of Cryptosporidium species, but primarily C. parvum (formerly C. parvum genotype 2) and C. hominis (formerly C. parvum genotype 1), are causes of human disease worldwide. The most common symptom of cryptosporidiosis is watery diarrhea, which is self-limited in healthy adults but more persistent and severe in immunocompromised individuals, including untreated HIV/AIDs patients and undernourished children [2] .
One notable feature of many C. parvum and hominis isolates is their cryptic infection by a bisegmented dsRNA virus [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [18] [19] [20] [21] [22] . In addition to numerous partial sequences [5-7, 11-15, 18, 20-22] , putatively complete sequences of both genome segments have been reported from only two bovine isolates of C. parvum: KSU1 [10] and Changchun [16] . The plus-strand sequence of each segment encompasses a single long ORF, encoding the viral RdRp in dsRNA1 and the viral CP in dsRNA2 [7] [8] [9] [10] . The virus from C. parvum KSU1 is the exemplar strain of type species Cryptosporidium parvum virus 1, in genus Cryspovirus, family Partitiviridae [19] . The virus from C. parvum Changchun is closely related to CSpV1-KSU1, sharing [97% identity across their deduced protein sequences (see Fig. 1B ).
In addition to the putatively complete sequences from two C. parvum isolates, Leoni et al. [13] have reported the putatively complete sequences of dsRNA2 from three other species: C. hominis (isolate 1912), felis (isolate 353), and meleagridis (isolate 1689). These results indicate that viruses from four different cryptosporidia share [85% identity in pairwise comparisons of their deduced CP sequences (see Fig. 1B ), suggesting either slow evolutionary divergence of cryspoviruses in these different host species or recent/ongoing exchange of the viruses among them. It is also noteworthy that the dsRNA2 lengths reported from C. hominis, felis, and meleagridis are similar to one another (1481-1502 bp) [13] , but longer than those reported from C. parvum (1374-1375 bp) [10, 16] . This discrepancy suggested to us that the sequences from C. parvum might be truncated at one or both termini of each genome segment. Consistent with this suggestion is that Leoni et al. [13] used methods for rapid amplification of cDNA ends (RACE) to sequence the segment termini, whereas the others did not. We therefore set out to determine the complete sequences of both dsRNA1 and dsRNA2 from the same C. parvum isolate, which seemed not to have yet been done.
Provenance of the virus material
Previous authors [6, 7, 10, 21] have shown evidence that C. parvum isolate Iowa, originally dating from the 1980s and obtained from at least three different suppliers for the cited studies, is infected with CSpV1. For the current study, we purchased oocysts from Bunch Grass Farm (Idaho) and after allowing them to excyst in vitro, used the sporozoites to infect Caco-2 cells [17] . At 48 h postinfection, total RNA was extracted. Primers designed from reported dsRNA1 and dsRNA2 sequences [10, 16] were then used for RT-PCR, and the resulting amplicons were subjected to direct Sanger sequencing. Following cellulose enrichment of dsRNA from the total RNA [1, 4] , RNA-ligase-mediated rapid amplification of 3 0 cDNA ends (3 0 RLM-RACE) was also performed [3, 4] , allowing the terminal sequences of both segments to be determined. Complete sequences for [18] share the same CP sequence, as indicated by (?N) in two labels dsRNA1 and dsRNA2 of CSpV1-Iowa were thereby obtained and deposited in GenBank. ORFs were identified using EMBOSS getorf, and pairwise sequence alignments were performed using EMBOSS Water or Needleall (http:// www.bioinformatics.nl/emboss-explorer/). Multiple sequence alignments were performed using Clustal Omega (http:// www.ebi.ac.uk/Tools/msa/). Phylogenetic analyses were performed using PhyML 3.0 (https://www.hiv.lanl.gov/content/ sequence/PHYML/interface.html) with parameters Sequence type/model, Amino acids/JTT, LG, rtREV, or WAG (each yielded very similar results); Proportion of invariable sites, estimated from data; Gamma shape parameter, estimated from data; Starting tree(s) optimization, Tree topology and branch length; Tree improvement, Best of NNI and SPR; Branch support, Approximate Likelihood Ratio Test (aLRT), SH-like supports.
Sequence properties and comparisons
The dsRNA1 sequence of CSpV1-Iowa (GenBank KY884720) spans 1836 bp, longer than reported for CSpV1-KSU1 (1786 bp) and Changchun (1783 bp) [10, 16] ( Table 1 ). The plus-strand sequence encompasses one long ORF spanning 1572 nt from the first in-frame AUG codon at nt positions 134-136 through the first in-frame stop codon at nt positions 1703-1705 (Fig. 1A) . The ORF encodes a deduced protein 523 aa long (62 kDa; pI, 9.45) and exhibiting strong sequence similarities to viral RdRps, as expected from previous work [10] . This RdRp length matches that reported for CSpV1-Changchun but is a single residue shorter than for CSpV1-KSU1, due to a 1-codon deletion corresponding to nt positions 1305-1307 in KSU1. Sixteen partial dsRNA1 sequences that cross this region (all from C. parvum isolates) [18] are also missing this codon.
The dsRNA2 sequence of CSpV1-Iowa (GenBank KY884721) spans 1510 bp, longer than reported for CSpV1-KSU1 (1374 bp) and Changchun (1375 bp) [10, 16] [13] ( Table 1 ). The plus-strand sequence encompasses one long ORF spanning 960 nt from the first in-frame AUG codon at nt positions 363-365 through the first in-frame stop codon at nt positions 1320-1322 (Fig. 1A) . The ORF encodes a deduced protein 319 aa long (37 kDa; pI, 8.22) , presumably the viral CP [8, 9] . This CP length matches those of both CSpV1-KSU1 and Changchun, and also those of the viruses from C. hominis 1912, meleagridis 1689, and possibly C. felis 353 ( Table 1) .
The complete or putatively complete sequences now available for nine different cryspovirus genome segments (3 dsRNA1, 6 dsRNA2) were compared via pairwise alignments. The results indicate that it is proper to identify CSpV1-Iowa as another strain of species Cryptosporidium parvum virus 1, along with strains CSpV1-KSU1 and Changchun, given the high degree of conservation in both the RNA sequences (95.8-99.7% identity) and the protein sequences (97.5-99.7% identity) of these three viruses from C. parvum (Fig. 1B) . The viruses from C. hominis 1912, felis 353, and meleagridis 1689, on the other hand, are somewhat more divergent in their dsRNA2 sequences (86.1-91.8% identity) and CP sequences (85.9-93.1% identity), though the degree of conservation is still high. The CP sequences were also compared by phylogenetic The first in-frame AUG codon in C. felis 353 dsRNA2 (nt positions 308-310) yields a deduced CP that is 335 aa long. However, this AUG codon is not conserved in the other cryspoviruses. The first in-frame AUG codon that is conserved in all strains yields a deduced CP that is 319 aa long. Thus, in C. felis 353 dsRNA2, it might be the second in-frame AUG codon (nt positions 356-358) that is used for translation initiation [13] Cryspovirus genome sequences from Cryptosporidium parvum 2877 analysis, including the nearly complete CP sequences reported from 22 additional C. parvum isolates [18] . The results again show greater divergence of the viruses from C. hominis 1912, felis 353, and meleagridis 1689 vs. the lesser divergence among all 25 viruses derived from C. parvum (Fig. 1C) . Complete genome sequences for other cryspovirus strains are needed before robust conclusions can be drawn, but this host-specific pattern of divergence suggests that exchange of viruses among some of these different host species may be infrequent [7, 12, 13] . Partial CSpV1-Iowa sequences reported previously [6, 21] and the complete ones reported here are highly similar across their regions of overlap (C96.9%), and the observed divergence is likely explained by the different passage histories of the C. parvum Iowa samples obtained from different suppliers up to 20 years apart. Based on the start and stop codons for dsRNA1 and dsRNA2 suggested above, the terminal nontranslated regions (NTRs) in the CSpV1-Iowa plus-strand sequences span 133 and 131 nt at the 5 0 and 3 0 ends of dsRNA1, and 362 and 188 nt at the 5 0 and 3 0 ends of dsRNA2 ( Table 1 ). The 5 0 -NTR of dsRNA1 has the same length as reported for CSpV1-KSU1 and Changchun [10, 16] , suggesting that all three of these sequences are complete at that end. The 3 0 -NTR of dsRNA1, on the other hand, is longer than reported for CSpV1-KSU1 and Changchun, suggesting that the latter are 3 0 -truncated. The 5 0 -and 3 0 -NTRs of dsRNA2 are each longer than reported for CSpV1-KSU1 and Changchun, suggesting that the latter sequences are truncated at both ends. The 5 0 -and 3 0 -NTRs of dsRNA2 are nearer the sizes reported from C. hominis 1912, felis 353, and meleagridis 1689 [13] , but even the latter appear to be truncated by a few nucleotides based on their sequence alignments with CSpV1-Iowa (Fig. S1B) .
Notably, dsRNA1 and dsRNA2 of CSpV1-Iowa share several stretches of conserved plus-strand sequences (Fig. S1 ), including 5 nt at their 5 0 ends and 17 nt at their 3 0
ends. An even longer conserved sequence (39 nt) is set back from the 3 0 ends, but wholly within the 3 0 NTRs of both segments, at nt positions 1767-1805 in dsRNA1 and 1431-1469 in dsRNA2. Lastly, dsRNA1 and dsRNA2 share a shorter conserved region (13 nt) within their central protein-coding regions: UAAGAAAGUACCU, at nt positions 691-703 in dsRNA1 and 581-593 in dsRNA2. These motifs conserved between dsRNA1 and dsRNA2 in CSpV1-Iowa are also wholly or partly conserved in CSpV1-KSU1 and Changchun, as well as in the viruses from C. hominis 1912, felis 353, and meleagridis 1689 (Fig. S1 ). The central motif is also conserved in both segments of numerous strains from the Murakoshi et al. study [18] . These sequences conserved between dsRNA1 and dsRNA2 in multiple cryspovirus strains seem likely to be involved in specific functions, such as plus-strand RNA packaging into nascent particles, RdRp binding for minusand/or plus-strand RNA synthesis, and possibly even translation. Since partitiviruses package their two segments in separate particles, both segments might be expected to contain similar packaging signals.
In conclusion, we report the first complete sequences of both genome segments from a single strain of type species Cryptosporidium parvum virus 1, in genus Cryspovirus, family Partitiviridae. We propose that this strain, CSpV1-Iowa, should be substituted for CSpV1-KSU1 as the exemplar strain of the species and genus, since the reported sequences of the latter appear to be terminally truncated. Complete genome sequences of other cryspovirus strains, from different Cryptosporidium species, are needed for ascertaining whether genus Cryspovirus should continue to contain only the single current species. Conflict of interest All four authors declare that they have no conflict of interest.
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